Platelet-derived growth factor (PDGF)-BB is one of the most potent factors in the development and progression of various vascular disorders, such as atherosclerosis and restenosis. PDGF is a major stimulant for vascular smooth muscle cells (VSMCs) proliferation via the mitogenesis signaling pathway. In the present study, we investigated the effect of acerogenin C, a macrocyclicdiarylheptanoid, on PDGF-BB-stimulated human aortic smooth muscle cells (HASMCs) proliferation. Acerogenin C significantly inhibited PDGF (20 ng/mL)-BB-induced [ 3 H]-thymidine incorporation into DNA at concentrations of 0.1, 1 and 10 µM without any cytotoxicity. Acerogenin C also blocked PDGF-BB-stimulated phosphorylation of PLCγ1 and Akt but had no effect on extracellular signalregulated kinase 1/2 (ERK1/2) and PDGF beta-receptor (Rβ) activation. In addition, acerogenin C (0.1 -10 μM) induced cell-cycle arrest in the G 1 phase, which was associated with the down-regulation of cyclins and the up-regulation of p27 kip1 . These results suggest that acerogenin C blocks PDGF-BB-stimulated HASMCs proliferation via G 0 /G 1 arrest in association with the induction of p27 kip1 and the suppression of PLCγ1 and phosphatidylinositol 3-kinase (PI3-K)/Akt signaling pathways. Furthermore, acerogenin C may be used for prevention and treatment of atherosclerosis during restenosis after coronary angioplasty.
Introduction
Whereas PDGF is expressed at low levels in arteries in healthy adults, its expression is increased in conjunction with the inflammatory-fibroproliferative response that characterizes atherosclerosis [1] . Thus, studies of balloon catheter-injured arterial tissue [2] - [4] , naturally occurring atherosclerosis [5] - [8] , coronary arteries after percutaneous transluminal coronary angioplasty [9] , and experimentally induced atherosclerosis [10] [11] revealed increased expression of PDGF and PDGF receptors in these lesions.
It is well-known that binding of signal transduction molecules to different phosphorylated tyrosine residues in PDGF-Rβ and PDGF-BB triggers the PI3-K/PKB (Akt) and PLCγ1 pathways in addition to the ERK pathway [12] . PI3-K mediates many different cellular responses, including actin reorganization, chemotaxis, cell growth and the serine/threonine kinase Akt/PKB for the antiapoptotic effect [13] - [15] . Interestingly, full activation of PLCγ is dependent on PI3-K; the PI(3,4,5)P3 formed by PI3-K binds the PH domain of PLCγ and may anchor the enzyme at the membrane [16] . Mitogenic growth factors such as PDGF-BB share a final common signaling pathway in the cell cycle. Quiescent (G 0 ) cells enter a gap period (G 1 ), during which the factors necessary for DNA replication in the subsequent synthetic (S) phase are assembled. After DNA replication is completed, the cells enter another gap phase (G 2 ) in preparation for mitosis (M) . Restriction points at the G 1 -S and G 2 -M interphases ensure orderly cell cycle progression [17] .
In the arterial media, VSMCs are normally quiescent, proliferate at low indices (<0.05%), and remain in the G 0 /G 1 phases of the cell cycle [18] . After vessel injury, vascular smooth muscle cells migrate into the intimal layer of the arterial wall, where they leave their quiescent state and reenter the cell cycle [1] . In many cells, transit through G 1 of the cell cycle and entry into the S phase require the binding and activation of cyclin/CDK complexes, predominantly cyclin D1/CDK4 and cyclin E/CDK2 [19] [20] . The kinase activities of the cyclin/CDK complexes are negatively regulated by CDK inhibitors, such as p27 kip1 [21] [22]. Acerogenin is a diarylheptanoid whose characteristic structural feature is the presence of two hydroxylated aromatic rings tethered by a linear seven-carbon chain. Acerogenin C (Figure 1 ) was isolated from stems of Boswellia ovalifoliolata BAL. & HENRY (Burseraceae) [23] , while acerogenin C has been synthesized by Gonzalez G. I. et al. [24] . This diarylheptanoid exhibits a broad range of potent biological activities that include anti-inflammatory, antihepatotoxic, antifungal, antibacterial and related effects [23] [25] . However, the mechanism by which acerogenin C affects VSMCs function is still largely unknown. The present study aimed to investigate, for the first time, the inhibitory effects of acerogenin C on PDGF-induced proliferation and signaling transduction pathways in HASMCs.
Materials and Methods

Materials and Reagents
PDGF-Rβ, Akt, PLCγ1, ERK1/2, cyclin D1, CDK4, cyclin E, CDK2, p27 kip1 and α-actin antibodies were purchased from Cell Signaling Technology Inc. (Beverly, MA, USA). Acerogenin C was a gift of Dr. Nishiyama (Department of Chemistry, Faculty of Science and Technology, Keio University; 3-14-1 Hiyoshi, Kohoku-ku, Yokohama 223-8522, Japan).
Cell Cultures
HASMCs were purchased from Cascade Biologics, Inc. (Portland, OR, USA). HASMCs were grown in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS, 100 IU/mL penicillin and 100 µg/mL streptomycin at 37˚C in a humidified 95% air/5% CO 2 atmosphere. Cells were used at passages three through eight. For all experiments, HASMCs were grown to 80% -90% confluence and quiescence was induced by starvation for at least 24 h.
[ 3 H]-Thymidine Incorporation Assay
HASMCs proliferation was determined by [ 3 H]-thymidine incorporation. HASMCs were incubated for 20 h with or without PDGF-BB (20 ng/mL) and various concentrations of acerogenins and then pulse-labeled with 1 µCi/mL of [ 3 H]-thymidine for 4 h. Cells were harvested using a Universal Harvester (Perkin Elmer, Waltham, MA, USA) and then transferred to a GF/C filter (Perkin Elmer). The filter was dried and counted in scintillation fluid using a Microplate Scintillation and Luminescence Counter (Topcount NXT, Perkin Elmer).
Cell Viability
Cell viability was determined using the trypan blue dye exclusion method. Cells were incubated for 24 h with or without PDGF-BB (20 ng/mL) and various concentrations of acerogenin C and were then harvested from the dishes using a 0.1% w/v trypsin solution. Cell viability was examined by the trypan blue dye exclusion test. The number of viable cells was estimated by microscopic cell counting using a hemocytometer.
SDS-PAGE and Immunoblotting
Western blotting for protein analysis was performed as described previously [26] . Cells were harvested in lysis buffer containing 1 µM sodium vanadate, 1 µM phenylmethylsulfonyl fluoride, 5 µg/mL aprotinin and 5 µg/mL leupeptin. The protein concentration was determined by the Bradford assay (Bio-Rad, Hercules, CA, USA). Lysates corresponding to equal amounts of proteins were boiled in Laemmli sample buffer and the supernatants were loaded onto gels for SDS-PAGE. Proteins were transferred onto PVDF membranes and probed with the following primary antibodies: anti-phospho-PDGF-Rβ, anti-PDGF-Rβ, anti-phospho-PLCγ1 (Tyr783), anti-PLCγ1 anti-phospho-ERK1/2, anti-ERK, anti-phospho-Akt (Thr308) and anti-Akt. Appropriate horseradish peroxidase-coupled secondary antibodies were used at 1:10,000. Immunoreactive bands were visualized using enhanced chemiluminescence (ECL; Amersham Pharmacia Biotech, UK). The detected proteins were normalized to α-actin or the respective total protein, as appropriate. The intensities of bands were quantified using SiconImage for Windows (Scion Corporation, Frederick, MA, USA).
Cell Cycle Analysis
HASMCs were seeded in 6-well culture plates and grown in DMEM medium with growth supplement at 37°C in a humidified 95% air/5% CO 2 atmosphere. Cells were grown to 80% confluence and made quiescent by starvation for at least 24 h. Cells were incubated for 24 h with or without PDGF-BB (20 ng/mL) and various concentrations of acerogenin C. Cells were harvested, fixed in 70% ethanol for 12 h, and stored at -20°C. Cells were then washed twice with ice-cold PBS and incubated with 100 µg/mL RNase and 50 µg/mL propidium iodide and cell-cycle phase analysis was performed by flow cytometry using a Cytomics FC500 and CXP Software Ver. 2 software (Beckman Coulter, JAPAN).
Statistical Analysis
Experimental results are expressed as means ± S.E.M. One-way analysis of variance (ANOVA), followed by Dunnett's test, was used for multiple comparisons. P values of <0.05 and <0.01 were considered statistically significant.
Results
Effect of Acerogenins on PDGF-Induced HASMCs Proliferation and DNA Synthesis
In the [ 3 H]-thymidine incorporation assay (Figure 2(a) ), stimulation with PDGF-BB (20 ng/mL) increased cell proliferation by about 10-fold. Acerogenin C (0.1 to 10 µM) inhibited PDGF-induced cell proliferation in a concentration-dependent manner with about 90% inhibition observed at 10 µM. When quiescent cells were treated with acerogenin C (0.1 to 10 µM) for 24 h in the absence of PDGF-BB, no significant difference was observed in the extent of [ 3 H]-thymidine incorporation, suggesting that acerogenins are not cytotoxic at the concentrations tested. In particular, the lack of cytotoxicity of acerogenin C at the concentrations used in these experiments was confirmed by the trypan blue exclusion assay (Figure 2(b) ). The number of cells was significantly increased after 20 ng/mL PDGF-BB stimulation (28.
4 cells/well at concentrations of 0.1, 1 and 10 µM, respectively (Figure 2(b) ).
Effect of Acerogenin C on PDGF-Induced PDGF-Rβ, PCLγ1, Akt and ERK 1/2 Activation
The HASMCs were pre-incubated in the presence or absence of various concentrations of acerogenin C in a serum-free medium for 24 h and then stimulated for 10 min with 20 ng/mL PDGF-BB. As shown in Figure 3 , PDGF-BB markedly increased phosphorylation levels on the PDGF-Rβ but acerogenin C treatment had no significant effect. To determine the effects of acerogenin C on the downstream intracellular signal transduction pathway of PDGF-BB, we determined the phosphorylation of PLCγ1, Akt and ERK1/2. PDGF-BB treatment clearly increased phosphorylation levels on the PLCγ1, Akt and ERK1/2. Acerogenin C blocked the phosphorylation of PLCγ1 and Akt in a concentration-dependent manner but had no effect on ERK 1/2 phosphorylation.
Effect of Acerogenin C on Cell Cycle Progression in HASMCs
Flow cytometric analysis was performed to determine whether acerogenin C-induced cell growth inhibition was due to an arrest in a specific point of the cell cycle. As shown in Figure 4 , pre-incubation of HASMCs in a serum-free medium for 24 h resulted in approximately 91.8 ± 2.5% synchronization of the cell cycle in the G0/G1 phase. During cell cycle analysis, stimulation with PDGF-BB (20 ng/mL) increased the percentage of cells in the S phase from 5.6 ± 1.3% to 27.5 ± 2.1%. Acerogenin C (0.1 to 10 µM) significantly blocked cell cycle progression in a concentration-dependent manner. The percentage of cells in the S phase was significantly reduced to 12.6 ± 1.2% (P < 0.05, n = 3), 7.4 ± 1.4% (P < 0.05, n = 3) and 5.4 ± 1.4% (P < 0.05, n = 3) at concentrations of 0.1, 1 and 10 µM acerogenin C, respectively (Figure 4) . These results suggest that acerogenin C may act against DNA synthesis in the early events of the cell cycle.
Effect of Acerogenin C on Cell Cycle Regulatory Protein Expression
Using immunoblot analysis, we analyzed the protein expressions of the cyclins and CDKs, which are known to Acerogenin C (μM) be regulated by p27 kip1 , following treatment with acerogenin C. As shown in Figure 5 , acerogenin C decreased the protein expression of cyclin E and CDK2, as well as cyclin D1 and CDK4, in a concentration-dependent manner. In addition, the expression of p27 kip1 , one of the cyclin-dependent kinase inhibitors, was down regulated by PDGF-BB treatment. In contrast, the p27 kip1 protein level was significantly increased by acerogenin C treatment in a concentration-dependent manner.
Discussion
In the present study, we found that acerogenin C inhibited DNA synthesis in response to PDGF-BB (Figure  2(a) ). As a result, acerogeninC showed a concentration-dependent inhibition of the incorporation of [ 3 H]-thymidine into HASMCs. Furthermore, the antiproliferative effect of acerogenin C on HASMCs was not due to cellular cytotoxicity, as demonstrated by the cell counting (Figure 2(b) ) and MTT assays (data not shown).
To understand the mechanism of down-regulation of PDGF-BB-stimulated HASMCs proliferation, we examined whether the effect of acerogenin C is mediated by down-regulation of the intracellular signaling pathways.
The PDGF-BB-stimulated mitogenesis signaling pathway has been well characterized. Binding of PDGF-BB to PDGF-Rβ can activate three major signal transduction pathways, PI3-K/Akt, PLCγ1 and ERK1/2, by activating Raf-1 [12] . As shown Figure 3 , acerogenin C had no effect on the PDGF-BB-induced phosphorylation of PDGF-Rβ at various concentrations. This result suggests that the inhibition of acerogenin C on HASMCs proliferation does not occur at the receptor level. Thus, we did Western blotting to understand the effect of acerogenin C on the downstream signal transduction, such as the PI3-K/Akt, PLCγ1 and ERK1/2 signaling pathways. As shown in Figure 3 , we observed that acerogenin C specifically inhibited PDGF-stimulated PLCγ1 and Akt activation but not PDGFR and ERK1/2 MAP kinase activation in HASMCs. These results are similar to a previous study, in which JM91 inhibited PDGF-induced PI3-K/Akt and ERK1/2 MAP kinase activation but not PDGF Rβ in HASMCs [12] . In the present study, PDGFRβ, PLCγ1, ERK1/2 and Akt were used as a control for protein loading. However, the total amount of Akt rapidly decreased upon its activation. PDGF caused a rapid decrease in the Akt protein levels, concomitant with Akt activation. PDGF causes the regulated proteolytic downregulation of Akt, which is dependent on PI3-K and proteasome activities. The proteasome-dependent down-regulation of Akt might be a fundamental mechanism that regulates the activity and function of Akt in VSMCs [27] . Interestingly, full activation of PLCγ is dependent on PI3-K; the PI(3,4,5)P3 formed by PI3-K binds the PH domain of PLCγ and may anchor the enzyme at the membrane [16] . PLCγ appears not to be of primary impor- tance for the stimulation of cell growth and motility in most cell types. However, in certain cell types, PLCγ affects these responses [28] . Members of the PI3-K family that bind to and are activated by tyrosine kinase receptors consist of a regulatory subunit, p85, and a catalytic subunit, p110. [15] . In addition, cell cycle analysis was performed to investigate the antiproliferative effect of acerogenin C. As shown in Figure 4 , acerogenin C inhibits PDGF-BB-stimulated HASMCs proliferation via G 0 /G 1 arrest. Several reports suggest that the G 1 phase is a major point of control for cell proliferation in mammalian cells [29] . Many studies have attributed the regulation of G 1 cell-cycle arrest to a number of cellular proteins, including the CDK inhibitor, p27 kip1 [22] . Our data demonstrates a significant up-regulation of p27 kip1 . However, under similar experimental conditions, the expression levels of another cyclin-dependent kinase inhibitor, p21 waf1 protein, was not changed (data not shown), suggesting that p21 waf1 is unlikely to be involved in the cell-cycle arrest induced by acerogenin C. We assessed the effect of acerogenin C treatment on the cyclins and CDKs operative in the G 1 -phase of the cell cycle, such as cyclin D1, CDK4, cyclin E and CDK2. Acerogenin C inhibited the expression of cyclin D1, CDK4, cyclin E and CDK2 in a concentration-dependent manner. Our results indicate that cell cycle arrest in the G 1 -phase might be due to the down-regulation of CDKs/cyclins complex expression.
Conclusion
We showed that acerogenin C inhibited PDGF-BB-induced HASMCs proliferation via G 0 /G 1 arrest, in association with the down-regulation of the expression of cyclin D1, CDK4, cyclin E and CDK2 and the up-regulation of p27 kip1 . Therefore, acerogenin C may be useful for prevention and treatment of vascular diseases, such as restenosis after coronary angioplasty. 
